We investigated the effect of both immune and normal sera on the binding of free Plasmodium berghei by resident and activated macrophages. Resident macrophages bound plasmodia to a greater extent than did activated macrophages, regardless of treatment. Resident macrophages bound free plasmodia, predominantly trophozoites, in the presence of normal serum by a mechanism inhibited by N-acetylglucosamine and N-acetylmannosamine. Macrophages activated through treatment with Propionibacterium acnes ("Corynebacterium parvum"), on the other hand, did not bind free plasmodia in the presence of normal serum through systems inhibited by N-acetylmannosamine or N-acetylglucosamine. The 
The relative importance of the various activities of macrophages in the pathogenesis of malaria is under active investigation. There is currently much emphasis on the secreted substances which kill plasmodia (1) . Earlier, there was emphasis on the phagocytosis of infected erythrocytes (4, 19, 37, 38) . Much has been written on immune suppression in malaria, and it is probable that immunosuppression occurs in individuals with malaria because of defective antigen processing and presentation by macrophages (23) . We and others have been concerned with the role of phagocytosis of free plasmodia in malaria (2, 3, 6, 16, 21) . It is most probable, however, that all of the macrophage functions are important in the pathogenesis of malaria.
The present study was undertaken to evaluate the effect of macrophage activation on phagocyte-plasmodium interaction. There is indirect evidence that macrophage activation is an important factor in the host response to plasmodia. The injection of Corynebacterium parvum, for instance, increases the resistance of mice to subsequent challenge with sporozoites of Plasmodium berghei (27) , and it has been proposed that the protection of mice against plasmodia by C. parvum or Mycobacterium bovis BCG is mediated by activated macrophages (7, 8, 10) .
In light of the literature on the effect of macrophage activation on phagocytosis, we expected to observe only more efficient phagocytosis of plasmodia after macrophage activation, as occurs with erythrocytes from animals with malaria (38) . The data we obtained, however, indicate that with activation there is a change in the basis of the recognition of plasmodia by macrophages. The resident macrophages in the nonimmune animal bind plasmodia primarily via receptors for carbohydrate-containing glycoproteins, while the activated macrophage in the immune animal lacks this system and binds plasmodia primarily via Fc receptors.
MATERIALS AND METHODS
Animals. Male and female inbred Fisher 344 rats (CD* F; Charles River Breeding Laboratories, Wilmington, Mass.) were used as sources of macrophages and hyperimmune, normal, and acute-phase sera. Swiss albino mice were used to maintain P. berghei.
Plasmodium. P. berghei berghei (Walter Reed Army Institute of Research)-infected erythrocytes in 10% glycerol in Alsever's solution (pH 7.2) were maintained in liquid nitrogen. In vivo infection was initiated in Swiss albino mice. Parasitized mouse erythrocytes were transferred to rats by intraperitoneal injection.
Harvest of P. berghei from infected erythrocytes. P. berghei was released from infected erythrocytes by continuous-flow sonication and then isolated by differential centrifugation as previously described (30, 31) . The pellets of plasmodia obtained by centrifugation at 2,000 x g for 10 min were suspended in RPMI 1640 (M. A. Bioproducts, Walkersville, Md.; <0.071 ng of endotoxin per ml).
Preparation of rat hyperimmune anti-P. berghei antiserum. Rats which had recovered from a P. berghei infection were hyperimmunized as previously described (3). An agglutination test examined by microscopy indicated that a 1:10 dilution was the lowest dilution of this hyperimmune serum that did not agglutinate free P. berghei. This dilution was used in all opsonic tests.
C. parvum activation of macrophages. Male rats were injected intraperitoneally with 7 mg of Formalin-killed Propionibacterium acnes ("C. parvum") per kg of body weight obtained from Burroughs Wellcome Co., Research Triangle Park, N.C. After 7 days, the peritoneal macrophages were harvested as described below.
Harvest of peritoneal macrophages. Donor animals were healthy, 120-to 175-g, nonstimulated or C. parvumstimulated male rats. The peritoneal cells were collected into 25 (26) . The macrophages were dried with a critical-point drying apparatus (SAMI-DRY) and then coated with gold-palladium by using a sputter coater. The specimens were examined at a 20 or 400 tilt angle in a Hitachi S-500 electron microscope operated at 20 kV.
Erythrocyte-antibody and erythrocyte-antibody-complement assays for assessment of macrophage activation. The procedures for preparing the sensitized sheep erythrocytes used in the erythrocyte-antibody and erythrocyte-antibodycomplement assays were those described by Ross (33) for the preparation of erythrocyte-antibody immunoglobulin G (IgG) and IgM and erythrocyte-antibody-complement 1-3bimo. Mouse (A/J strain) serum deficient in complement component C5 was used at a 1:10 dilution as the source of complement. Sensitized erythrocytes were suspended in RPMI 1640. For the phagocytosis studies, 1 ml of the sensitized or nonsensitized erythrocytes was added to the macrophage monolayers, and the cells were incubated at 37°C for 30 min. After incubation, the plates were washed once with cold phosphate-buffered saline; 1 ml of Trisammonium chloride was then added to each plate to lyse nonphagocytized erythrocytes. The plates were washed with phosphate-buffered saline, fixed with absolute methanol, and stained with Giemsa stain.
Effects of activation and serum on binding by macrophages of the erythrocytic stages of P. berghei. Resident and activated peritoneal macrophages were plated at a concentration of 1.5 x 106 cells per plate and allowed to adhere for 30 min at 37°C in an atmosphere with 7% CO2 and 100% humidity. The nonadherent cells were removed by washing the monolayers with medium, and the plates were reincubated for 1.5 h at 37°C. Before the addition of plasmodia, the macrophages were rinsed with RPMI 1640 without fetal calf serum.
The plasmodial concentration was adjusted to 109 cells or greater per ml of RPMI 1640 with or without 10% normal or hyperimmune serum.The plasmodia were added to the macrophage monolayers, and the plates were incubated at 4°C for 15 min. The monolayers were washed twice with phosphate-buffered saline containing 10% fetal calf serum. The plates were fixed with absolute methanol and stained with Giemsa stain.
Evaluation by TEM of binding of erythrocytic stages of P. berghei by resident and activated macrophages. For transmission electron microscopy (TEM), the macrophage concentration was adjusted to 2 x 107 cells per ml, and 1-ml portions of this suspension were placed in polypropylene tubes. A 0.1-ml portion of heat-inactivated normal serum, hyperimmune serum, or medium alone was added to the appropriate tubes. The tubes were held on ice before plasmodia were added.
A 1-ml portion of 10% normal serum, hyperimmune serum, or medium without serum was mixed at 40C with 5.6 x 109 plasmodia and added immediately to the tubes containing the macrophages. The cells were incubated for 15 min on ice. The tubes were spun at 1,000 x g for 8 min, and the supernatants were discarded. The pellets were suspended in 0.2 ml of sucrose-phosphate buffer (pH 7.3). The cells were fixed in 2% glutaraldehyde, post-fixed in osmium tetroxide, and then processed for TEM as described previously (2) .
Effect of monosaccharides on binding of plasmodia by resident and activated macrophages. Monolayers of macrophages were pretreated with a mixture of N-acetylglucosamine (10 mg/ml; Sigma) and N-acetylmannosamine (10 mg/ml; Sigma) in RPMI 1640. After 30 min of incubation at 4°C, the sugar solutions were decanted, and the plates were rinsed once with RPMI 1640. Plasmodia in medium alone or medium supplemented with 10% normal serum or hyperimmune serum were added to the plates and incubated with the macrophages for 15 min at 4°C. Nonadherent plasmodia were removed by gently washing the monolayers with phosphate-buffered saline. The macrophages were fixed, stained, and examined by bright-field microscopy.
Collection of acute-phase sera from P. berghei-infected animals. Serum samples were collected from young P. berghei-infected rats when their parasitemias reached about a 60% level (4 to 7 days after infection). The acute-phase sera were pooled and frozen at -20°C until needed.
Inhibition by immune complexes of Fc receptor-mediated binding to resident and activated macrophages. One volume of acute-phase serum was mixed with either 1 volume of hyperimmune or normal serum or 1 volume of medium without serum. Portions (1.5 ml) of the mixtures or of the antiserum alone were placed on each macrophage monolayer, and the cultures were then incubated at 4°C for 30 min. Intact, free parasites in 0.5 ml of RPMI 1640 were added to each culture, and the cultures were then incubated for 15 min at 4°C. The monolayers were rinsed three times with RPMI 1640, air dried, fixed, and stained with Giemsa stain.
Statistical evaluation of plasmodium-macrophage interaction. The number of macrophages with plasmodia attached and the number of plasmodia per macrophage were recorded for each field examined. Statistical comparisons were done by the two-tailed Student's t test.
RESULTS
Morphological evaluation by scanning electron microscopy of macrophages used in this study. Scanning electron microscopy revealed that the peritoneal macrophages from the C. parvum-treated rats differed morphologically from the macrophages from nontreated animals. Macrophages from C. parvum-treated rats had a variety of shapes and sizes. The majority of these macrophages were extensively enlarged, and some contained vacuoles. The (Table 1) .
TEM evaluation of binding of P. berghei in different erythrocytic stages by resident and activated macrophages. In the studies described above, the total numbers of erythrocytic plasmodia bound to macrophages were evaluated by brightfield microscopy. It is not possible to differentiate between small, free trophozoites and merozoites by bright-field microscopy in these studies. In this TEM study, the electron microscope was used to identify the stage of P. berghei that bound to the macrophages. Free plasmodia were considered merozoites if they had pellicles with a double membrane and if the organism was not greater than 1.5 pLm in diameter. Free plasmodia were considered trophozoites if they were bound by a single plasma membrane, contained haemozoin, or were surrounded by the membrane of the parasitophorus vacuole.
In these TEM studies, as in the bright-field microscopy studies, more resident macrophages than activated macrophages bound plasmodia. In addition, of those macrophages which bound plasmodia, more plasmodia were bound by the resident macrophages than by the activated macrophages. TEM revealed that proportionately more merozoites were bound by resident and activated macrophages in the presence of immune serum than in the absence of any serum or in the presence of normal serum. Activation of macrophages (Table 2) . In a second TEM study, the overall pattern of macrophage-plasmodium interaction was similar to that seen in the first study. Resident macrophages bound more plasmodia than did activated macrophages regardless of treatment. More macrophages, both resident and activated, bound plasmodia in immune serum than in other media. Immuneserum-treated macrophages bound proportionately more merozoites than did macrophages in the serumless and normal serum treatment groups (data not shown).
The presence of immune serum in the tubes in which the adherence was evaluated caused the morphology of the resident macrophages to resemble that of the activated macrophages. The resident macrophages exposed to immune serum, for example, developed ruffled plasma membranes with numerous pseudopodia. The pseudopodia often surrounded plasmodia (Fig. 1) .
Effect of monosaccharides on binding-of plasmodia by resident and activated macrophages. Sugar pretreatment with N-acetylglucosamine and N-acetylmannosamine did not diminish the binding of plasmodia by macrophages in the absence of serum (P > 0.05) ( Table 3) . Sugars inhibited the binding of normal-serum-opsonized plasmodia to resident macrophages. The sugar mixture resulted in both fewer resident macrophages binding (11% inhibition) and fewer plasmodia bound per macrophage (46% inhibition) in the presence of normal serum (P < 0.05). The sugar mixture also prevented multiple binding of immune-serum-opsonized plasmodia to resident macrophages (P < 0.05). The binding of normal-and hyperimmune-serum-opsonized plasmodia to activated macrophages was not affected by sugar pretreatment (P > 0.05).
Inhibition by immune complexes of Fc receptor-mediated binding to resident and activated macrophages. Acute-phase serum containing immune complexes inhibited the binding of immune-serum-opsonized plasmodia to resident macrophages. Immune complexes had a more pronounced effect on the binding of plasmodia by activated macrophages than by resident macrophages ( Table 4 DISCUSSION The major thrust of this study was the determination of the effect of macrophage activation on macrophage-plasmodium interaction. More activated macrophages than resident macrophages bound the IgG-and C3-sensitized erythrocytes. The erythrocyte binding assays thus indicated that the activated macrophages bound particles through Fc and C3 receptors better than did the resident macrophages. These observations, in conjunction with the morphological studies, indicate that the resident and activated macrophages we used in these studies had the characteristics generally considered to be associated with resident and activated macrophages (24, 32, 40) . The C. parvum-activated macrophages used in this study also resembled, in morphology and ability to ingest opsonized and nonopsonized sheep erythrocytes, the splenic macrophages taken by other investigators from mice 7 days after infection with P. berghei (34, 38) . These results, therefore, indicate the validity of the use of C.
parvum-activated macrophages in studying the role of macrophage activation in malaria.
Since our standard erythrocyte adherence tests for Fc and C3 receptors indicated that the activated macrophages had more Fc and C3 receptors than did the resident macrophages, it was a considerable surprise to us that the activated macrophages consistently bound fewer plasmodia than did the resident macrophages.
In these studies, we observed that a mixture of Nacetylglucosamine and N-acetylmannosamine inhibited serum-mediated binding of free plasmodia to resident macrophages. Stahl et al. (39) (20) have reported that activated macrophages differ from resident macrophages in that they lack receptors for mannose-, N-acetylglucosamine-, and fucose-terminated glycoproteins. Since in the present study the sugars did not inhibit binding by activated macrophages, the reason that fewer total plasmodia were bound by the activated macrophages was probably that they lacked receptors for the carbohydrate on whatever normal serum opsonins facilitated binding of plasmodia.
Immune-serum-mediated binding of plasmodia to activated macrophages was inhibited to a greater degree by immune complexes than was irnmune-serum-mediated binding to resident macrophages. This result would be expected if the binding to activated macrophages was largely through Fc receptors while a significant proportion of the binding to resident macrophages was through some system not mediated by Fc receptors, such as one utilizing a receptor for carbohydrate.
In conclusion, our results suggest that nonimmune binding of plasmodia to resident macrophages is mediated by a receptor that recognizes N-acetylglucosamine-and Nacetylmannosamine-containing carbohydrate on normal serum opsonins. This would be a constitutive system for clearing plasmodial debris from the blood and bringing plasmodial antigens into the macrophage to initiate the immunological cascade (22) . After the induction of the specific immunological response, phagocytosis of plasmodia is mediated largely by specific antibody, with the constitutive system becoming less important. The loss, on activation, of receptors mediating constitutive systems of phagocytosis and the increases in those mediating immune phagocytosis would seem appropriate, as macrophage activation and the induction of antibody-mediated immunity occur together. Soluble cytotoxic factors released from activated macrophages may play a prominent role in the killing of plasmodia in the later stages of an acute infection when activation occurs (9, 25, 28, 35) . The macrophage receptor for carbohydrate components of normal serum opsonins may play a major role in the phagocytosis of plasmodial debris by the resident macrophages early in the infection and serve to trigger macrophage activation later. Thus, these receptors may be important to the host in initiating the entire adaptive immunological response to plasmodial infection.
